the OSM-9 protein, which is likely to form part of a channel complex that is required for transduction of both osmotic and mechanical stimuli (Colbert et al., NMR-1 subunit. Collectively, our findings suggest that
mechanical stimuli cause synaptic activation of non-NMDA-dependent currents, that osmotic signals activate both non-NMDA-and NMDA-dependent currents, and that EGL-3 modifies glutamate levels at ASHinterneuron synapses.
Results

glr-2 Encodes an Ionotropic Glutamate Receptor Subunit
To investigate the contribution of glr-2 to polymodal signaling by ASH, we cloned the glr-2 gene and show that it encodes a predicted protein of 977 amino acids. GLR-2 contains all of the signature features of ionotropic glutamate receptors, including the pore-forming region consisting of TMI, TMIII, and the selectivity filter TMII; the two ligand binding domains S1 and S2; and the highly conserved SYTANLAAF amino acid sequence in TMIII ( Figure 1A ). GLR-2 has highest sequence identity (43%) with the previously described non-NMDA subunit GLR-1 (Maricq et al., 1995; Brockie et al., 2001a). Interestingly, GLR-2 has a nonaromatic residue, glutamine (Q), at position 580 (position 507 in rat GluR3), which lies in a conserved ligand binding region in S1. At this position, vertebrate AMPA receptor subtypes have a nonaromatic residue, whereas an aromatic residue is found at this position in kainate receptors. Changing the amino acid residue at this site has dramatic effects on the rate of receptor desensitization following ligand is lacking the terminal 344 amino acids, including those believed to contribute to the pore forming and ligand binding regions of the protein ( Figure 1C) . signaling from the ASH neurons. Worms with a mutation in nmr-1 that encodes an NMDA receptor subunit glr-2(ak10) mutants were indistinguishable from wildtype worms on the basis of gross movement and appearshowed a normal response to the nose touch stimulus (Figure 2A ) (Brockie et al., 2001b) . ance. However, they often failed to initiate a backing escape response when lightly touched on the nose To determine whether mutant worms were able to respond to osmotic stimuli, we performed a standard (Nose touch, Not, phenotype; Figure 2A ) (Kaplan and Horvitz, 1993). The magnitude of this mechanosensory assay to test for osmotic avoidance (Culotti and Russell, 1978) and determined the percentage of worms that defect was less severe than that observed in glr-1 mutants, and the defect in glr-2(ak10) glr-1(ky176) double were able to escape from a ring of high osmotic solution within 20 min ( Figure 2B ). Interestingly, both glr-2 and mutants was similar to that observed in glr-1(ky176) mutants. The Not phenotype was rescued in transgenic glr-2 glr-1 mutants were indistinguishable from wild-type worms in this osmotic avoidance assay. Furthermore, glr-2(ak10) mutants that expressed the wild-type glr-2 gene. Our results suggest that GLR-1 and GLR-2 conthe triple mutant, nmr-1; glr-2 glr-1 was also indistinguishable from wild-type. These results were somewhat tribute to a heteromeric receptor that mediates a synaptic current required for transmission of mechanosensory surprising given that loss-of-function mutations in eat-4, for a worm to reverse direction after contacting the fructose. Wildthe osmotic barrier. The glr-1 (n ϭ 8), glr-2 (n ϭ 8), and nmr-1 (n ϭ type (n ϭ 85), glr-1 (n ϭ 59), glr-2 (n ϭ 59), nmr-1 (n ϭ 57), glr-2 10) mutants and the double (n ϭ 8) or triple (n ϭ 8) mutants showed glr-1 double mutant (n ϭ 59), nmr-1; glr-2 glr-1 triple mutant (n ϭ no defect, whereas eat-4 mutants (n ϭ 8) were defective for osmotic 62), eat-4 (n ϭ 39), and osm-10 (n ϭ 57). Statistical difference from avoidance in the ring assay. *Statistical difference from wild-type wild-type (*), glr-1(ky176) (**), or the nmr-1; glr-2 glr-1 triple mutant (p Ͻ 0.01). **Statistical difference from wild-type and glr-1(ky176) (***); (p Ͻ 0.01). Given that the delay analysis requires that the worms (p Ͻ 0.01).
respond to the stimulus, only worms that responded to the fructose were included in the analysis. A total of 61 eat-4 mutants were screened, 22 of which did not respond to the stimulus. 1 in 60 glr-1 which encodes a vesicular glutamate transporter, promutants, 2 in 59 nmr-1 mutants, 1 in 60 glr-2 glr-1 double mutants, duce defects in both osmotic avoidance ( Figure 2B ) and and 3 in 65 nmr-1; glr-2 glr-1 triple mutants did not respond. 100% of the wild-type worms, and glr-2 and osm-10 mutants screened the nose touch response (Berger et al., 1998 Figure 3A) . Wild-type and mutant worms that endouble mutant was no greater than for either single mutant alone. Interestingly, the delay in response obcountered the control buffer moved through the drop with no change in velocity or direction of movement served in the nmr-1; glr-2 glr-1 triple mutant (1.9 s) was greater than that in any of the single or double mutants (data not shown). In contrast, worms that encountered the fructose drop stopped their movement and initiated, (p Ͻ 0.01) and was approximately additive of the delay in the nmr-1 mutant and the glr-2 glr-1 double mutant. after a brief delay, a backing response ( Figure 3B 
GLR-2 and GLR-1 Are Colocalized to Puncta in Neural Processes
The similar behavioral defects in the glr-1 and glr-2 mutants suggest that GLR-1 and GLR-2 are components of a functional glutamate-gated receptor. To determine the subcellular distribution of GLR-2, we generated transgenic strains that expressed a reporter construct in which green fluorescent protein (GFP) was fused in frame with full-length GLR-2 (GFP::GLR-2). In confirmation of our previous results (Brockie et al., 2001a), GFP expression was detected exclusively in neurons and was observed in both the cell bodies and processes. In the processes of the nerve ring and ventral cord ( Figure 4A ), expression was punctate in appearance, suggesting that GFP::GLR-2 was localized to synaptic regions (Rongo et al., 1998) . To determine whether GLR-1 and GLR-2 localize to the same puncta, we generated transgenic strains that expressed GLR-1 fused to a cyan variant of GFP (GLR-1::CFP) and GLR-2 fused to a yellow variant of GFP (GLR-2::YFP). Using confocal microscopy, we detected colocalization of GLR-1::CFP and GLR-2::YFP in the cell body and neural processes (Figures 4B1-4B3 ). We determined that at specific puncta in the ventral cord processes, the CFP and YFP signals overlapped, indicating that these receptors colocalized and therefore may form heteromeric receptor complexes ( Figures 4C1-4C3 ). In some instances, the GLR-1::CFP and GLR-2::YFP puncta did not colocalize. This was expected given that some cells that express GLR-1 do not express GLR-2 (Brockie et al., 2001a).
Glutamate and Kainate Activate a Large, Rapidly Activating Current in AVA
The AVA interneurons express the GLR-1, GLR-2, and NMR-1 receptor subunits (Brockie et al., 2001a) . To address whether these subunits participate in glutamatergic signaling to AVA, we recorded whole-cell currents from this interneuron in wild-type and mutant worms using patch-clamp techniques (Brockie et al., The current-voltage (I-V) relation for mammalian nonwere approximately the same, suggesting that receptors gated by kainate provide the bulk of the rapid glutamate-NMDA receptors is strongly dependent on the identity of a specific amino acid in the pore forming region of gated current. Previously, we showed that N-methyl-Daspartate (NMDA), a selective agonist for NMDA-type the ion channel. By a process of RNA editing, the codon encoding a glutamine (Q) may be modified so that it glutamate receptors, elicited a considerably smaller and slower current (Brockie et al., 2001b Figure  receptors formed by a heteromeric complex containing  5D) . Monovalent cations were replaced with equimolar GLR-1 and GLR-2, and (2) the bulk of the residual current N-methyl-D-glucamine (NMDG). As the external Ca 2ϩ observed in the absence of GLR-1 and GLR-2 is mediwas raised, the reversal potential for glutamate-gated ated by the NMR-1 subunit. currents shifted toward more positive potentials so that
We suspected that the magnitude of the small, fast when the external Ca 2ϩ concentration was 62.5 mM, current component observed in glr-2 mutants was althe measured reversal potential was 1.4mV ( Figure 5E ).
tered by receptor desensitization. To better study this These data are consistent with the hypothesis that Ca Figure 6A ). The currents recorded from rent is dependent on both the GLR-1 and GLR-2 receptor the transgenic rescue strain were essentially indistinsubunits, we sought to determine which subunit was guishable from those recorded from wild-type worms. the primary determinant of the rate of desensitization As we have shown, glr-2 mutants have a partial defect by examining glutamate-gated currents in transgenic in the nose touch response. To determine how glutamutants that expressed GLR-2(Q/Y)-a variant of GLR-2 mate-gated currents might correlate with behavioral that had a glutamine to tyrosine substitution analogous phenotypes, we also recorded currents from other glutato that introduced in GLR-1(Q/Y) ( Figure 1A) . We remate receptor mutants ( Figure 6B ). In glr-1 mutants, corded currents from AVA in transgenic mutants that essentially all of the rapidly activating current was elimisubstituted GLR-1(Q/Y) for GLR-1, GLR-2(Q/Y) for nated, including the small, rapid component observed GLR-2, or both variants for GLR-1 and GLR-2. Glutain glr-2 mutants. The currents recorded from AVA in the mate-gated currents recorded from transgenic glr-2 mudouble mutant glr-2 glr-1 were indistinguishable from tants that expressed GLR-2(Q/Y) rapidly desensitize those recorded in glr-1 mutants. The small, slowly devel-( Figure 6D) . Furthermore, the kinetics of desensitization oping current that remained in the glr-2 glr-1 double in glr-2 glr-1 transgenic mutants that expressed both mutant was not observed in the nmr-1; glr-2 glr-1 triple GLR-1(Q/Y) and GLR-2(Q/Y) were not substantially difmutant, indicating that this was the NMDA-activated ferent from glr-1 mutants that expressed GLR-1(Q/Y) component. In glr-1 and glr-2 mutants and the glr-2 alone ( Figure 6D ).
glr-1 double mutant, the peak current I-V relation was
We have previously shown that defects in glutaoutwardly rectifying ( Figure 6C ). This is typical of NMDAmatergic signaling lead to a change in the amount of gated currents and suggests that this remaining current time a worm spends moving forward as it explores or is mediated by receptors that contain the NMR-1 subforages in its environment. (Brockie et al., 2001b) . To unit. The shape of the I-V relation was restored in determine the behavioral consequences of modifying glr-2(ak10) transgenic mutants that expressed the wildthe desensitization kinetics of glutamate-gated currents, type glr-2 gene ( Figure 6C) .
we measured the average duration of forward movement in transgenic worms that expressed GLR-1(Q/Y). ComKainate-evoked currents were absent in the glr-1 and In (A), (B), (D), and (F) , the neuron was held at Ϫ60mV. (B) Glutamategated currents recorded from glr-1, glr-2 glr-1 double and nmr-1; glr-2 glr-1 triple mutants. Nondesensitizing glutamate-gated currents from transgenic glr-2 glr-1 double and nmr-1; glr-2 glr-1 triple mutants that expressed GLR-1(Q/Y) are also shown. (C) Current-voltage relation for peak glutamate-gated currents in wild-type worms (n ϭ 10), glr-1 (n ϭ 6), and glr-2 (n ϭ 10) mutants; glr-2 glr-1 double mutants (n ϭ 9); and glr-2 transgenic mutants that expressed a glr-2 wild-type genomic clone (n ϭ 3). pared to wild-type worms or transgenic worms that overpendent on the synaptic release of neurotransmitter. In wild-type worms, 26 of the 43 trials evoked a response. expressed the native GLR-1 receptor, the average duration of forward movement in worms that expressed We suspect that the failure rate reflects damage to the neural circuitry during dissection. We were able to re-GLR-1(Q/Y) was significantly shortened ( Figure 6E) . Thus, the kinetics of glutamate receptor desensitization cord evoked currents from AVA in 17 glutamate receptor mutants-either glr-1 or the glr-2 glr-1 double mutant. can be directly related to a quantitative behavior.
(D) Glutamate-gated currents recorded from transgenic mutants that expressed either GLR-1(Q/Y) (top), GLR-2(Q/Y) (middle), or both (bottom). (E) Average duration of forward and backward movement in wild-type worms (n ϭ 10), and transgenic glr-1 mutants that overexpressed either GLR-1(Q/Y) (n ϭ 10) or wild-type GLR-1 (n ϭ 10). *Statistically different from wild-type (p Ͻ 0.03). (F) Tactile-evoked responses in
We found that in seven of these experiments, tactile stimulation still evoked a small current response, sugMechanical Stimulation Evokes Synaptic Currents gesting that other synaptic inputs in addition to ASH in AVA may have been activated by the tactile stimulus. Our To address how mechanosensory information is transresults show the feasibility of directly studying neural mitted by ASH, we recorded from AVA while applying a synaptic transmission in C. elegans but indicate that mechanical stimulus. When AVA was voltage-clamped definitive analyses await the development of pharmacoat Ϫ60mV, a brief touch of a glass rod to the worm's nose logical agents that effectively block specific currents. elicited a rapidly activating current that then inactivated ( Figure 6F family of proprotein convertases thought to be required either of these possibilities, mutations in egl-3 would result in higher levels of glutamate that may be sufficient for the function of specific neuropeptides. Transgenic glr-1; egl-3 mutants that expressed a wild-type copy of to activate NMDA receptors, thereby restoring the mechanosensory response in glr-1 mutants. To test this egl-3 in the postsynaptic targets of ASH, including AVA and AVD, were no longer suppressed and had mechanohypothesis, we determined whether the nose touch response in glr-1; egl-3 double mutants was dependent sensory defects similar to glr-1 mutants. These results suggest that EGL-3 functions postsynaptically to modify on nmr-1. In contrast to the normal nose touch response of glr-1; egl-3 double mutants, nmr-1; glr-1; egl-3 triple glutamatergic neurotransmission (Kass et al., 2001 ). To directly test this, we recorded glutamate-gated currents mutants were nose touch defective ( Figure 7C) . Thus, the egl-3 suppression of glr-1 was absolutely dependent in egl-3(n150) and glr-1(ky176); egl-3(n150) double mutants in AVA and AVD-two interneurons that are required on nmr-1 function. We also tested the role of egl-3 in osmotic avoidance behavior. Using the assay described for the backward escape response. Glutamate-gated currents recorded from either AVA or AVD in egl-3 and earlier ( Figure 3A) , we demonstrated that egl-3(n150) suppressed the osmotic avoidance defect of glr-1 muglr-1; egl-3 mutants were similar to wild-type and glr-1 mutants, respectively (Figures 7A and 7B) . This finding tants, but not of nmr-1; glr-1 double mutants ( Figure  7D ). nmr-1 expression is limited to a small subset of demonstrated that the mutation in egl-3 did not restore glutamate-gated currents in glr-1 mutants by, for examinterneurons, most of which are targets of ASH. Thus, nose touch and osmotic stimuli must activate NMDA ple, upregulating postsynaptic glutamate receptors and suggested that EGL-3 might function to modulate glutareceptors in the glr-1; egl-3 double mutant. matergic signaling from ASH.
EGL-3 may normally function to reduce the concentra-A Glutamate-Gated Chloride Current Is Also Present in AVA tion of released glutamate at ASH-interneuron synapses by either downregulating glutamate release or by upregWe have previously shown that mutations in both nmr-1 and glr-1 reduce the frequency of reversals during foragulating glutamate transport from the synaptic cleft. For ing behavior (Brockie et al., 2001b) . Here, we show that was no greater than that of the glr-1 mutant alone. Interestingly, the measured glutamate-activated currents in mutations in egl-3 also suppress the foraging defects the AVA interneurons could explain the distinct behavof glr-1 mutants, but not of nmr-1; glr-1 double mutants ioral phenotypes of the glr-1 and glr-2 mutants. In glr-1 ( Figure 7E) . Interestingly, the defects of the nmr-1; glr-1; mutants, essentially all of the non-NMDA dependent egl-3 triple mutant were more severe than those of the current was eliminated, whereas in glr-2 mutants a residnmr-1; glr-1 double mutant in both osmotic avoidance ual, GLR-1-dependent current was still present. These and foraging behavior. The delay in response to the results suggest that GLR-1 and GLR-2 function together osmotic stimulus was significantly greater in the triple in a heteromeric complex that mediates most of the mutant compared to the nmr-1; glr-1 double mutant (p Ͻ non-NMDA dependent current activated by exogenous 0.01). In fact, 59% of the nmr-1; glr-1; egl-3 mutants did glutamate application and that GLR-1 can also function not respond to the stimulus and moved through the independently of GLR-2. We conclude that the residual fructose spot. To address this finding, we characterized GLR-1-dependent glutamate-gated current observed in the electrophysiological properties of the AVA interneuglr-2 mutants is sufficient to partially mediate a response ron in nmr-1; glr-2 glr-1 mutants. In the absence of to tactile stimuli to the worm's nose. functional non-NMDA and NMDA receptors, glutamate perfusion could elicit a small inward current when AVA Characteristics of GLR-1-and GLR-2-Dependent was clamped at hyperpolarizing potentials ( Figure 7F) . detected in transgenic worms. The decreased rate of desensitization also led to an easily detected change in Discussion foraging behavior, demonstrating that control of glutamate receptor desensitization rate could have important In C. elegans, it has been recognized that the ASH polyconsequences for how a worm navigates its envimodal sensory neurons differentially transmit aversive ronment. stimuli (Bargmann and Kaplan, 1998). We have now
In vertebrate non-NMDA receptors, Ca 2ϩ permeability shown that the non-NMDA glutamate receptor subunits is regulated by a key glutamine (Q) residue in the pore-GLR-1 and GLR-2 are necessary for the avoidance of forming region of specific receptor subunits. Thus, when both mechanical and osmotic stimuli and that the NMDA the vertebrate GluR2 mRNA is posttranscriptionally edsubunit NMR-1 plays a role in the detection of osmotic ited to encode an arginine (R) residue, the permeability stimuli, but not mechanical stimuli. Electrophysiological to Ca 2ϩ is considerably reduced and the I-V relation analysis in glr-1, glr-2, and nmr-1 mutants has enabled changes from inwardly rectifying to linear (Hume et al., us to correlate the behavioral defects with altered elec-1991; Sommer et al., 1991). In C. elegans, the glutamatetrophysiological properties in the AVA interneuron, a gated current could be carried by Ca 2ϩ and, in the prespostsynaptic target of ASH sensory neurons. Our data ence of intracellular spermine, the I-V relation for glutasuggest that synaptic decoding of modality specific sigmate-gated currents in AVA was inwardly rectifying, nals is likely achieved by the differential activation of consistent with the Q form of the receptor in C. elegans. postsynaptic non-NMDA and NMDA receptors.
Our results suggest that glutamatergic neurotransmission mediated by GLR-1 and GLR-2 may cause an in-GLR-2 Is Required for Mechanosensory Signaling crease in the intracellular Ca 2ϩ concentration of postsynTo address how glutamate receptor subunits contribute aptic targets. to ASH signaling, we generated a deletion mutation in the glr-2 gene. We showed that the nose touch avoid-GLR-1, GLR-2, and NMR-1 Are Required ance response in glr-2 mutants was approximately interfor Osmotic Signaling mediate between that of wild-type worms and glr-1 muWe have shown that both tactile and osmotic signaling via the ASH sensory neurons are dependent on the nontants, and that the defect of the glr-2 glr-1 double mutant NMDA receptor subunits GLR-1 and GLR-2. Interestingly, although we found no evidence that NMDA receptors are required for the nose touch response, we did observe a role for the NMR-1 subunit in osmotic avoidance behavior. The role of NMR-1 in this response may be to facilitate temporal summation of synaptic inputs, thus leading to an avoidance response (Brockie et al.,  2001b) . We found that the osmotic avoidance defect of the nmr-1; glr-2 glr-1 triple mutant was less severe than that observed in eat-4 mutants, suggesting that other glutamate-gated currents may contribute to the behavior.
To directly test whether glutamatergic signaling mediated the nose touch response, we gently moved a glass pipette against the nose of the worm while simultaneously recording whole-cell currents from AVA. This current could be blocked by Co 2ϩ , indicating it is likely of synaptic origin. Although the high failure rate associated with this technique prevented a significant mutant analysis of the response, the future use of pharmacological agents that block receptor-dependent currents should increase the power of this approach to the study of 
